In Brief
A protein associated with the mitotic spindle must undergo a phase transition to promote microtubule polymerization and spindle assembly, suggesting that the biophysical properties associated with liquid demixing may shape the characteristics of a hypothesized but elusive spindle matrix.
INTRODUCTION
Since the discovery of spindle apparatus in the 1800s (Luká cs, 1981) , much attention has focused on how microtubules (MT) interact with chromosomes to ensure equal partitioning of chromosomes into daughter cells. Investigation of the mechanisms by which MTs and MT-associated proteins regulate mitosis (Walczak et al., 2010) is fueled by the ease of visualizing the spindle-shaped MT fibers, the disruption of chromosome segregation and cell division upon MT perturbation, and the discovery of tubulin (Oakley, 2000) . In addition to spindle MTs, a set of material that surrounds and permeates spindle MTs have periodically drawn attention (Goldman and Rebhun, 1969; Schibler and Pickett-Heaps, 1980; Scholey et al., 2001; Johansen and Johansen, 2007; Johansen et al., 2011; Leslie et al., 1987; Pickett-Heaps et al., 1984; Pickett-Heaps and Forer, 2009; Schweizer et al., 2014; Wein et al., 1998; Zheng, 2010; Zheng and Tsai, 2006) .
Historically, this ill-defined spindle-associated material has been referred to as spindle matrix. One vague but generally accepted feature of spindle matrix is that it retains some integrity upon MT disassembly. Based on this criterion, several spindle matrix proteins have been identified and studied in the context of spindle assembly and chromosome segregation. For example, among the Drosophilia spindle matrix proteins (Fabian et al., 2007; Johansen et al., 2011; Qi et al., 2004 Qi et al., , 2005 Rath et al., 2004; Walker et al., 2000; Yao et al., 2012 Yao et al., , 2014 , Megator regulates spindle assembly checkpoints (SAC) (Lince-Faria et al., 2009) . A conserved protein, BuGZ, which was identified as part of the lamin-B (LB) spindle matrix in Xenopus Ma et al., 2009) , has recently been shown to facilitate chromosome alignment by controlling both stability and kinetochore loading of the SAC component Bub3 (Jiang et al., 2014; Toledo et al., 2014) . Additionally, LB and poly ADP-ribose (Chang et al., 2004) , along with other spindle assembly factors (SAFs), such as dynein, Nudel, NuMA, and kinesin Eg5 (Civelekoglu- Scholey et al., 2010; Goodman et al., 2010; Ma et al., 2009; Tsai et al., 2006) , may regulate spindle morphogenesis. Despite these studies, the structural nature of the spindle matrix remains undefined and whether it constitutes a cohesive functional unit is unclear. In fact, some modeling and biophysical probing of spindle apparatus have not provided evidence for the existence of spindle matrix (Brugué s and Needleman, 2014; Gatlin et al., 2010; Shimamoto et al., 2011) . Thus, whether spindle matrix is a real structural element of spindle apparatus or a mere artifact induced upon depolymerization of spindle MTs remains an open question.
Unlike membranous organelles, the spindle apparatus is not surrounded by membrane barrier during vertebrate mitosis. However, spindles may need to concentrate many components in order to support spatially and temporally diverse reactions. Consistently, tubulin and some SAFs are shown to be concentrated in the region where nascent spindle begins to assemble in Caenorhabditis elegans embryos (Hayashi et al., 2012) . This concentration process is independent of MTs but it requires nuclear envelope permeabilization and RanGTPase, which stimulates spindle assembly (Kalab et al., 1999; Ohba et al., 1999; Wilde and Zheng, 1999) .
Proteins, such as elastin and elastin-like peptides, can undergo liquid-liquid phase transition or coacervation to form liquid droplets (Yeo et al., 2011) . The phase separation has been proposed to promote concentration of molecules into the liquid droplets, which can then facilitate biochemical reactions (B) show that xBuGZ depletion reduced astral MT length, bipolar spindle formation and length, which were all rescued by HisxBuGZ. Approximately 50 (C and D) or 500 (E) structures were measured in each experiment and condition. White dashed lines in (B) indicate Aurora A spindle length and longest astral MTs measured. (F-H) xBuGZ depletion caused multiple sperm spindle defects (F), which was rescued by His-xBuGZ (G and H) . Approximately 500 (G) and 50 (H) structures were analyzed in each experiment and condition. (Hyman et al., 2014) . Indeed, the liquid droplet feature of P granules and nucleoli is consistent with the idea that assembly and function of these non-membranous organelles could be driven by the phase transition of some of their structural components (Brangwynne et al., 2009 (Brangwynne et al., , 2011 . No proteins of these organelles, however, have yet been shown to undergo functionally relevant phase transition. Interestingly, when engineered as multiple tandem repeats, SRC homology 3 (SH3) domains of NCK and proline-rich motif (PRM) of N-WASP form multivalent interactions, which allow the protein mixture to undergo phase transition to form liquid droplets. These droplets concentrate actin to promote F-actin assembly in vitro (Li et al., 2012) . Despite the observed in vitro phase transition into liquid droplets, proteins have been shown to function in vivo via phase transition.
Here, we examine the spindle regulatory protein BuGZ, which we noted contains evolutionarily conserved low complexity sequence, and demonstrate that it forms a MT-independent structure through temperature-and hydrophobic residuedependent coacervation. This phase transition property allows the concentration of tubulin along MTs and supports assembly of spindle MTs and of the biochemically defined spindle matrix structure. Based on these results, we propose a model and line of investigation for further developing our understanding of observed properties and possible functions of spindle matrix.
RESULTS

BuGZ Promotes Assembly of Spindle Apparatus
Our previous studies show that BuGZ binds MTs to promote kinetochore loading of Bub3 and chromosome alignment (Jiang et al., 2014) . We noticed that human BuGZ (hBuGZ) depletion in HeLa cells resulted in a more severe disruption of spindle morphology and reduction of MT intensity than those depleted of Bub3, especially when RNAi treatment was extended to 72 hr (Figures S1A and S1B). The more severe spindle defects in hBuGZ-depleted cells were consistent with a stronger chromosome misalignment than those depleted of hBub3 (Figure S1C) . This suggests that BuGZ could directly regulate spindle assembly independent of Bub3 0 s kinetochore function. Previously, we developed a bead-based spindle assembly assay (Tsai and Zheng, 2005) by tethering the mitotic kinase Aurora A to 2.8-mm magnetic beads via antibodies. These beads function as MT organizing centers to induce efficient spindle assembly in the cytostatic factor (CSF) arrested Xenopus egg extract (referred to as extract below) in the presence of RanGTP. Since spindles induced by Aurora A beads and RanGTP do not have chromosomes and kinetochores, we can test the kinetochore-independent function of BuGZ in spindle assembly. Immunodepletion of Xenopus BuGZ (xBuGZ) by 90% ( Figure 1A ) resulted in a significant reduction of astral MT length and bipolar spindle numbers (Figures 1B, 1C, and 1E) . Most bipolar spindles formed in the absence of xBuGZ were also significantly shorter than those of controls ( Figure 1D ). These defects were fully rescued by purified xBuGZ (Figures 1A-1E ). xBuGZ depletion also disrupted spindle assembly induced by sperm chromatin. Major phenotypes included spindles with MT aggregates surrounding sperm chromatin or spindles with reduced MTs, followed by asters, half spindles, or abnormal spindle shapes with normal MT density ( Figures 1F-1H) , and all of the defects were also rescued by purified xBuGZ (Figures 1F-1H ). Thus BuGZ promotes spindle assembly independent of its kinetochore function.
BuGZ-MT Interaction Promotes Spindle Assembly
To understand how BuGZ promotes spindle assembly, we treated HeLa cells with control or hBuGZ siRNA and then depolymerized MTs in the cold. MT regrowth was examined after returning cells to 37 C. hBuGZ depletion greatly reduced astral MT regrowth, which was rescued by expressing the RNAi-insensitive wild-type mouse BuGZ (mBuGZ, Figures 1I and 1J ). The N-terminal 92 amino acids of BuGZ bind directly to MTs, while the Gle2-binding sequence (GLEBS) within the C terminus of BuGZ directly binds and stabilizes Bub3 (Jiang et al., 2014) . Replacing the two highly conserved glutamic acids (E) in GLEBS with alanine (A) results in a mutant (mBuGZAA) that fails to bind and stabilize Bub3, while mBuGZDN lacking the N-terminal 92 amino acids does not bind to spindles in vivo and MTs in vitro (Jiang et al., 2014) . The wild-type mBuGZ and mBuGZAA bound to spindle MTs and MTs assembled from pure tubulin ( Figures S1D-S1F ). To analyze which of these two known domains in BuGZ promotes assembly of spindle, we depleted endogenous hBuGZ from HeLa or U2OS cells by RNAi. BuGZ RNAi-induced spindle defects, judged by spindle MT intensity, were rescued fully by wild-type mBuGZ and partially by mBuGZAA, but not by mBuGZDN ( Figures 1J-1L ). hBuGZ depletion did not alter interphase MT densities ( Figure S1G ). Thus MT binding of BuGZ promotes spindle MT assembly.
Spindle Matrix Assembly and Stability Require BuGZ and a Physiological Temperature Since BuGZ was identified as a spindle matrix component, we assayed for spindle matrix by assembling Aurora A-bead spindles in extract and then depolymerizing MTs using nocodazole at room temperature (RT) (Ma et al., 2009; Tsai et al., 2006) . The nocodazole-insensitive material that remains on the Aurora A beads, i.e., the spindle matrix, was isolated using a magnet and analyzed by western blotting or immunostaining probing known spindle matrix markers, lamin-B3 (LB3, the major lamin in extracts), dynein, Eg5, NuMA, and XMAP215 (Ma et al., 2009; Tsai et al., 2006) . Depleting xBuGZ greatly diminished recovery of the spindle matrix, but this was rescued by purified xBuGZ (see the Noc, RT panels in Figures 2A-2C ). Although (I) hBuGZ depletion reduced astral MT re-growth in mitotic HeLa cells and was rescued by mBuGZ. Cold-treated cells were examined at 3 or 9 min after returning to 37 C. MTs, centromeres, and chromosomes were stained by tubulin antibody, CREST serum, and DAPI, respectively. Error bars, SEM. Student's t test: *p < 0.05, **p < 0.01, ***p < 0.001, three independent experiments. Scale bars, 5 mm. See also Figure S1 .
xBuGZ depletion diminished the recovery of LB3, depleting LB3 did not affect association of xBuGZ with the spindle matrix (Figure S2A ). Thus, BuGZ may function upstream of LB3 to promote spindle matrix assembly. When spindle MTs were depolymerized by nocodazole on ice, less matrices were associated with Aurora A beads than those incubated at RT (compare IgG matrix panels in Figures 2A and 2B ). Quantification of LB3 staining revealed a significant reduction of matrices around beads upon cold treatment or upon xBuGZ depletion ( Figure 2C ). xBuGZ depletion plus cold treatment caused an additional matrix reduction that could be rescued by purified xBuGZ ( Figure 2C ). Thus spindle matrix assembly and stability require BuGZ and a physiological temperature.
BuGZ Exhibits TemperatureSensitive Binding to Spindle MTs Unlike many MT-associated SAFs that decorate MT fibers densely and brightly, BuGZ appears as a loose ''haze'' enriched on spindles ( Figure S1E ) (Jiang et al., 2014) . When HeLa cells were incubated at RT or on ice for 5 min followed by immunostaining, we found that cold treatment diminished BuGZ signal on spindles, whether or not the spindle MTs were stabilized with Taxol ( Figures 2D and S2B ).
xBuGZ signal was also reduced on cold-treated Aurora A-bead spindles stabilized by Taxol ( Figure 2E ).
We then treated HeLa cells by Taxol and collected mitotic cells by shake-off. Detergent extraction of these cells on ice or at RT in the presence of Taxol followed by immunoblotting showed that more hBuGZ was extracted in the cold as compared to tubulin or CENP-A controls ( Figure S2C ). Immunostaining further indicated that spindle-associated hBuGZ was more sensitive to the extraction on ice than at RT ( Figure 2F ).
BuGZ Exhibits Temperature-Dependent Phase Transition via Conserved Phenylalanine and Tyrosine
We analyzed vertebrate BuGZ protein sequences using PONDR and SEG, programs designed to predict the disordered (Xue et al., 2010) and low complexity regions (Wootton, 1994) in proteins, respectively. The N terminus of BuGZ, containing the MT binding domain and zinc fingers, was predicted to have normal amino acid complexity, while the rest of BuGZ was largely unstructured with low amino acid complexity ( Figure 3A ). Since some disordered and low complexity (DLC) proteins can undergo phase transition, we examined Sf9 cells expressing YFP-tagged xBuGZ (YFP-xBuGZ) via baculovirus. YFP-xBuGZ formed bright droplet-like spheres in the cytosol, whereas YFP was evenly distributed ( Figure 3B ).
We purified His-, GST-, GFP-, or YFP-tagged xBuGZ or mBuGZ expressed in either Sf9 cells or bacteria (Figures 3C and S3A) . Upon warming, each protein formed droplets of varying sizes in physiologically relevant buffers and the droplet size increased over time (Figures 3D, S3B, and S3C) . When the solutions were cooled on ice, the droplets disintegrated over time, as judged by the disappearance of fluorescence in the droplets ( Figure S3D ). Under the same conditions and the same or much higher concentrations, purified GST, GFP, YFP, or other SAFs such as GFP-EB1 did not form droplets ( Figure S3E ). Live imaging showed that at 100 mM of YFP-xBuGZ small droplets became visible at 10 C and larger droplets formed upon further increase in temperature ( Figure 3E ).
Turbidity assay showed that purified YFP-xBuGZ underwent an abrupt increase in solution turbidity above a critical temperature, and the process was reversible upon cooling to the same temperature ( Figure 3F ). After dissolution of droplets on ice, BuGZ underwent the same degree of phase transition upon warming, indicating that the phase separation was repeatable ( Figure 3G ). Formation of coacervates at high concentrations of YFP-xBuGZ eventually led to large-scale phase separation that become visible to the naked eye due to protein settlement at the bottom of cuvettes ( Figure 3H ). By varying protein concentrations and temperature, we found that a lower concentration of YFP-xBuGZ required a higher temperature for coacervation (Figure 3I ). YFP-xBuGZDN exhibited similar coacervation properties as YFP-xBuGZ, especially at higher protein concentrations (Figures 3I, 3J, and 3N) , indicating that the MT-binding sequence is dispensable for phase transition in vitro. By contrast, YFP did not undergo any noticeable phase transition at equivalent concentrations and temperatures ( Figure 3K) .
The above findings suggest that BuGZ could undergo intermolecular interactions mediated by hydrophobic residues. We found that BuGZ orthologs are all abundant in proline (P). For example, mBuGZ and xBuGZ contain 15%-19% P, which often occur next to hydrophobic residues ( Figure S3F ). The hydrophobic and aromatic residues phenylalanine (F) and tyrosine (Y) are implicated in hydrogel formation of some nucleoporins (Frey and Gö rlich, 2007) , transcription factors, and RNA binding proteins (Kato et al., 2012; Kwon et al., 2013) . Since both F and Y are highly conserved among vertebrate BuGZ ( Figure S3F ), we mutated the last 5 or all 13 conserved Fs and Ys in the predicted DLC region of xBuGZ to serine (S) to create YFP-xBuGZ5S or YFP-xBuGZ13S ( Figure S3F ). Coacervation of YFP-xBuGZ5S and YFP-xBuGZ13S required increasingly higher concentration and temperature ( Figures 3L-3N ). Thus conserved Fs and Ys are required for BuGZ phase transition.
We found that a fragment of xBuGZ corresponding to amino acids 258-334 (xBuGZ-B) ( Figure S3F , black underline), which did not form droplets on its own ( Figure S3E ), inhibited the phase transition of YFP-xBuGZ when used at high concentrations (Figure S3G) . Replacing the 2F and 1Y by S in xBuGZ-B (xBuGZ-B3S, also did not form droplets on its own, Figure S3E ) largely disrupted the inhibitory property ( Figures S3G-S3I ). At concentrations that did not fully block His-xBuGZ droplet formation, GFP-xBuGZ-B strongly incorporated into the droplets as compared to GFP-xBuGZ-B3S ( Figure S3J ). Thus, intermolecular BuGZ interactions in droplets may be mediated, in part, by Fs and Ys. Moreover, xBuGZ-B may disrupt droplet formation by blocking proper alignment of full-length xBuGZ molecules critical for coacervation.
BuGZ Bundles MTs via MT Binding and Phase Transition
We incubated 0-4 mM YFP-xBuGZ, YFP-xBuGZDN, YFPxBuGZ13S, or YFP with rhodamine-labeled and Taxol-stabilized short MTs at 37 C. BuGZ (4 mM), but not xBuGZDN, xBuGZ13S, or YFP, caused prominent MT bundling, although careful inspection showed that some MT bundles were formed even at 1 mM xBuGZ ( Figure 4A ). The bundled MTs were longer and brighter than the input MT fragments. To quantify the bundling activity, we measured the length and average brightness of individual MTs or MT bundles formed with 2 mM of different xBuGZ proteins and YFP because MT bundles at higher xBuGZ concentrations became a network. xBuGZ increased MT bundle length and average intensity, but xBuGZDN, xBuGZ13S, or YFP did not ( Figures 4B and 4C ). xBuGZ-B inhibited MT bundling induced by xBuGZ, while xBuGZ-B3S was much less effective ( Figures  4B and 4C) . Thus, MT binding and phase transition of BuGZ promote MT bundling.
Although 2 or 4 mM YFP-xBuGZ, YFP-xBuGZDN, YFPxBuGZ13S, and YFP did not form visible droplets at 37 C ( Figure S4A ), when incubated with MT seeds, YFP-xBuGZ was enriched on MT bundles and small YFP-xBuGZ droplets were visible along some bundles (arrowheads, Figures 4D and S4B ). Line scan showed that the droplets tended to appear at sites of thicker MT bundles flanked by thinner regions ( Figure 4D ). YFP-xBuGZDN and YFP-xBuGZ13S failed to form MT-associated droplets, even though YFP-xBuGZ13S showed MT association ( Figure S4B ). MT pelleting also showed that, despite intact MT binding domain and similar MT binding at 4 C, significantly less YFP-xBuGZ13S bound to MTs at 37 C than did YFP-xBuGZ ( Figures 4E and 4F ). When high concentrations (60-100 mM) of YFP-xBuGZ were used to induce MT bundling, large deformed BuGZ droplets extended beyond the associated MT bundles ( Figure S4C ), suggesting that the MT bundles could flatten the droplets when local BuGZ was not in excess. Thus BuGZ preferably undergoes phase transition along MTs, while the multivalent MT binding sites in BuGZ coacervates in turn promote MT bundling.
BuGZ Phase Transition Concentrates Tubulin and Promotes MT Polymerization
When different xBuGZ were incubated with rhodamine-tubulin in the presence of nocodazole to prevent MT assembly, tubulin was concentrated in YFP-xBuGZ, but not in YFP-xBuGZDN, droplets ( Figure 5A ). When incubated with beads coated with different forms of BuGZ at 4 C in the presence of nocodazole, purified tubulin was pulled down by YFP-xBuGZ or YFPxBuGZ13S, but not by YFP-xBuGZDN ( Figure 5B ).
Next, purified BuGZ and tubulin were combined on ice in the presence of nocodazole and incubated at 37 C followed by pelleting the droplets ( Figure 5C ). Both YFP-xBuGZ and YFPxBuGZDN were enriched in droplets by many fold than the initial solution concentrations (Figures 5D and 5E ). Tubulin was greatly enriched in the YFP-xBuGZ, but not the YFP-xBuGZDN, droplets ( Figures 5D and 5E ). Neither YFP-xBuGZ13S nor tubulin was enriched in the pellet fractions ( Figure 5F ).
Since MT assembly is greatly aided by high tubulin concentrations (Caudron et al., 2000) , the concentration of tubulin by BuGZ droplets could lead to enhanced MT assembly. Indeed, in vitro MT assembly assays (Oegema et al., 1999; Zheng et al., 1995) showed that mBuGZ and xBuGZ, but not YFP, YFP-xBuGZDN, or YFP-xBuGZ13S, stimulated MT assembly even at low concentrations ( Figures 5G, 5H , and S5A-S5C). xBuGZ-B, when present in excess, inhibited the xBuGZ-stimulated MT polymerization, whereas xBuGZ-B3S was much less effective (Figure S5D) . Thus, the BuGZ-stimulated tubulin concentration and MT polymerization require both MT/tubulin binding and phase transition of BuGZ.
We estimated endogenous xBuGZ in extracts to be 0.1 mM and polyethylene glycol, a crowding agent, induced purified xBuGZ at this concentration to undergo phase transition in vitro (Figures S5E and S5F) . Importantly, spindle concentration of xBuGZ was estimated as 0.5-0.86 mM ( Figure S5G ). Thus, endogenous BuGZ could undergo phase transition to promote MT polymerization during spindle assembly.
BuGZ Exhibits Phase Transition Property in Spindle Matrix
If BuGZ in droplets could undergo continuous exchange with solution BuGZ, wild-type and mutant forms of YFP-xBuGZ should have different abilities to exchange into preformed His-xBuGZ droplets. Indeed, YFP-xBuGZ and YFP-xBuGZDN exchanged into the His-xBuGZ droplets efficiently, while YFP-xBuGZ5S and YFP-xBuGZ13S exhibited weak and background incorporations, respectively ( Figure 6A ). We also created two additional GFP-tagged fragments, xBuGZ-A and xBuGZ-C, corresponding to 111-187 aa and 376-452 aa in the DLC region ( Figure S3F , pink and orange underlines), and their F/Y mutants: xBuGZ-A3S and xBuGZ-C5S, respectively. Similar to xBuGZ-B these fragments did not form droplets on their own ( Figure S6A ). GFP-xBuGZ-A, GFP-xBuGZ-B, and GFP-xBuGZ-C, but not their mutants, exchanged into and disrupted the His-xBuGZ droplets ( Figure S6B ; also see Figure S3G ).
Next, we incubated isolated spindle matrices with 0.1 mM wildtype or mutant YFP-xBuGZ. YFP-xBuGZ and YFP-xBuGZDN exchanged into spindle matrices (marked by LB3) strongly, while YFP-xBuGZ5S exhibited weak exchange ( Figure 6B ). YFPxBuGZ13S exhibited only background incorporation into the matrix, similar to the YFP control ( Figure 6B ). When isolated spindle matrices were incubated with 0.5 mM GFP-xBuGZ-A, GFP-xBuGZ-B, or GFP-xBuGZ-C to disrupt the coacervation of endogenous xBuGZ, each fragment, but not their mutants, incorporated into and reduced the size of the matrix ( Figure S6C ). Therefore, phase transition is required for both BuGZ incorporation into and the maintenance of preformed spindle matrix, indicating that BuGZ exhibits a phase transition property in the spindle matrix.
Phase Transition and Tubulin Binding of BuGZ Promote MT Assembly from Spindle Matrix
The exchange of YFP-xBuGZ or YFP-xBuGZDN into the spindle matrix replaced most endogenous xBuGZ, while YFP-xBuGZ5S and YFP-xBuGZ13S exhibited increasingly less replacement of (N) The temperature at which the turbidity was half (T 1/2 ) of the difference between maximum and 4 C absorbance was plotted against log 10 protein concentration.
YPF-xBuGZ13S did not reach maximum turbidity at 3.125 and 1.56 mM even at 60 C. Error bars, SD from three independent experiments.
See also Figure S3 . 
Quantification is shown in (F).
Error bars, SEM. Student's t test: *p < 0.05, **p < 0.01, ***p < 0.001, three independent experiments. Scale bars, 10 mm. See also Figure S4 .
endogenous xBuGZ (Figures 6B and S6D ). The total BuGZ levels in the matrices, however, remained similar to controls (Figure S6D) . After incubating isolated spindle matrices with 0.1 mM of different YFP-xBuGZs followed by addition of 25 mM tubulin with or without nocodozole, the YFP-xBuGZDN-incorporated spindle matrices had greatly diminished abilities to concentrate tubulin and to promote MT polymerization ( Figures  6C and S6E ). YFP-xBuGZ13S did not affect such abilities of the matrices ( Figures 6C and S6E) , consistent with its failure to incorporate ( Figure 6B and S6D) . Thus phase transition and tubulin-binding of BuGZ are required for the spindle matrix to concentrate tubulin and promote MT assembly.
Phase Transition and MT Binding of BuGZ Promote Spindle Matrix Assembly
To test whether phase transition of xBuGZ is critical for spindle matrix assembly, extract depleted of endogenous xBuGZ was supplemented with purified YFP-xBuGZ, YFP-xBuGZDN, or YFP-xBuGZ13S. Alternatively, 2 mM of purified BuGZ-B or BuGZ-B3S were added to unperturbed extract. We found that YFP-xBuGZ, but not xBuGZDN or xBuGZ13S, rescued spindle matrix assembly ( Figures 6D and 6E ). xBuGZ-B, but not xBuGZ-B3S, disrupted spindle matrix assembly ( Figure 6E ). Therefore, both MT binding and phase transition of BuGZ are required for spindle matrix assembly.
Phase Transition and MT Binding of BuGZ Promote Spindle Assembly
To understand whether phase transition of BuGZ is important for spindle assembly, we used GFP-xBuGZ-A, GFP-xBuGZ-B, and GFP-xBuGZ-C to disrupt phase transition of endogenous xBuGZ in extract. One micromolar each of the fragments disrupted spindle assembly induced by Aurora A beads or sperm, whereas their mutants were much less effective ( Figures S7A-S7D ). When isolated spindles were incubated with 0.2 mM GFP-xBuGZ-A, GFPxBuGZ-B, or GFP-xBuGZ-C, a concentration that did not disrupt spindle assembly, we found efficient spindle incorporation of these fragments, whereas their mutants incorporated poorly (Figure S7E) . Thus, these fragments may bind to endogenous BuGZ to disrupt phase transition and spindle assembly. Next, we incubated isolated Aurora A-bead spindles with 0.1 mM YFP-xBuGZ or mutants. YFP-xBuGZ, YFP-xBuGZ5S, and YFP-xBuGZ13S sequentially showed decreasing exchanges into spindles ( Figure 7A ), confirming the importance of BuGZ phase transition in spindle association. YFP-xBuGZDN exhibited the weakest exchange of all ( Figure 7A) , consistent with the idea that MT binding of BuGZ facilities its phase transition. We then depleted endogenous xBuGZ in extract and induced spindle formation by Aurora A beads or sperm. Spindle defects due to xBuGZ depletion were fully rescued by purified xBuGZ, but not by xBuGZDN or YFP-xBuGZ13S (Figures 7B-7F ).
In the predicted DLC region, mBuGZ has extra 15 amino acids (including 1Y and 1F) not found in xBuGZ (see Figure S3F ). We replaced these two and the other 13 Fs and Ys with S to create mBuGZ15S. HeLa cells were transfected with control or hBuGZ siRNAs followed by expression of RNAi-insensitive Flag-mBuGZ or -mBuGZ15S. Reduction of MT intensity due to hBuGZ RNAi was rescued by wild-type mBuGZ but not by mBuGZ15S (Figures 7G-7I ). Since xBuGZDN also failed to rescue MT intensity ( Figures 1J-1L ), both MT binding and phase transition of BuGZ are required to promote spindle assembly in cells.
DISCUSSION
The vague structure-function definitions and uncertain composition of the spindle matrix have made its study both challenging and controversial. Among the studied spindle matrix proteins, LB was initially suggested to be a structural component of the matrix because its depletion resulted in reduced spindle matrix as judged by markers, such as NuMA and Eg5 . However, due to the difficulties in studying lamins biochemically, the structural role that LB assumes in the spindle matrix remains challenging to decipher. Similarly, despite the identification of several spindle matrix proteins in Drosophia, the assembly mechanism of these proteins remains unknown . Through analyses of the spindle matrix component BuGZ, which can be expressed and purified as a soluble protein, we have uncovered its phase transition property in spindle and spindle matrix assembly.
Based on our in vitro studies, we propose that at low temperature the DLC region of BuGZ assumes a variety of quasi-folded states in solution due to weak intra-molecular hydrophobic interactions and a water shell surrounding the molecule, which limits intermolecular interactions ( Figure 7J ). Temperature increase disrupts (or denatures) the quasi-folded BuGZ and the water shell to allow intermolecular interactions, leading to phase transition ( Figure 7K ). By studying phase transition of BuGZ in spindle and matrix, we propose that during spindle assembly, the binding of N-terminal BuGZ to MTs limits quasi-folding of BuGZ. By bringing BuGZ molecules close to one another on MTs, intermolecular interactions and phase transition of BuGZ are enhanced ( Figure 7L ), which in turn bundles MTs and concentrates tubulin ( Figure 7M ). The elevated tubulin concentration near existing MTs then promotes MT polymerization during spindle assembly.
Our mutational analyses show that BuGZ coacervation depends on highly conserved Fs and Ys in the DLC region of BuGZ. Hydrophobicity-dependent phase transition has been studied in various proteins and polymers. In the well-characterized phase transition of elastin, hydrophobic patches are required for its coacervation, which is critical for subsequent filament assembly (Yeo et al., 2011) . Our analyses of the predicted DLC region of BuGZ revealed that highly conserved hydrophobic residues and prolines (P) are enriched in two segments that flank a region with relatively low P and hydrophobicity. This suggests that intermolecular hydrophobic interactions mediated by the hydrophobic patches contribute to BuGZ coacervation. Consistent with this, BuGZ coacervation is dependent on temperature, protein concentration, and Fs and Ys. The aromatic feature of these residues may also mediate phase transition independent of their hydrophobicity. Inhibition of BuGZ coacervation by the (E) Spindle matrix assembly required BuGZ coacervation. YFP-xBuGZ, but not YFP-xBuGZ13S, rescued spindle matrix assembly upon endogenous xBuGZ depletion. The addition of GFP-BuGZ-B, but not -BuGZ-B3S, into unperturbed extract disrupted spindle matrix assembly. Error bars, SEM. Student's t test: ns, not significant, **p < 0.01, ***p < 0.001, three independent experiments. The numbers of structures quantified are for each experiment and condition. Scale bars, 10 mm. See also Figure S6 . xBuGZ fragments containing F and Y could be caused by disruption of proper alignment of hydrophobic and aromatic residues important for intermolecular BuGZ interactions. BuGZ droplets formed in vitro do not appear to further form filaments based on our preliminary analyses by electron microscopy (unpublished data). Although additional studies are required to fully understand the biophysical properties that underline BuGZ phase transition, our findings suggest that unfolding of BuGZ at elevated temperature could drive coacervation through intermolecular hydrophobic interactions. The temperature-dependent BuGZ phase transition and spindle matrix stability suggest that BuGZ is a structural component of spindle matrix. Indeed, based on known markers of Xenopus spindle matrix, we show that BuGZ in spindle matrix exhibits a phase transition property, which is required for assembly and stability of spindle matrix. The MT-independent and temperature-dependent phase transition of BuGZ that we uncover here also help to explain why upon MT depolymerization the spindle matrix can retain its structural integrity better at RT than on ice. Our findings beg the question whether phase transition represent a key structural property of spindle matrix.
Using PONDR and SEG, we found additional DLC-containing proteins in the proteome of Xenopus spindle matrix (unpublished data). Similar analyses revealed the presence of long stretches of DLC regions in several Drosophila spindle matrix proteins, such as Megator, Chromator, EAST, and Skeletor (unpublished data). Since multiple proteins can undergo phase transition together through complicated intermolecular interactions, we speculate that the spindle matrix could be a complex coacervate, whose formation relies on various combinations of proteins depending on organisms and cell types. These coacervates could contain different phases to segregate different biochemical reactions that could communicate with one another. This idea may explain the apparent un-relatedness of some spindle matrix components. Formation of complex coacervates may involve both DLC and structured proteins, which could explain why the largely structured proteins, such as lamin and actin, are found in the spindle and spindle matrix Pickett-Heaps and Forer, 2009) . Additionally, proteins participating in phase transition in the spindle and spindle matrix could undergo rapid flux in and out of the structures. The phase transition features may explain the lack of a discrete localization of BuGZ on spindle MTs and a lack of a clearly defined morphology of the spindle matrix upon MT depolymerization.
We show that phase transition of BuGZ does not require MTs, but the MT binding domain of BuGZ helps to not only facilitate BuGZ phase transition along MTs but to concentrate tubulin. Both phase transition and MT binding of BuGZ are required for promoting MT polymerization and bundling in vitro. Importantly, we show that all of these properties are also required for BuGZ to promote spindle assembly. Therefore, one functional consequence of BuGZ-mediated spindle matrix assembly along existing MTs appears to allow efficient polymerization and bundling of MTs in the spindle. By increasing local tubulin concentration, BuGZ could also promote MT nucleation from microtubule nucleators such as gTuRC (Zheng et al., 1995) .
Recent studies have shown that MT-dependent branched MT nucleation facilitates spindle assembly (Petry et al., 2013) . Since BuGZ could concentrate tubulin along existing MTs, it would be interesting to further study whether BuGZ-mediated phase transition could help to concentrate other SAFs known to promote branched MT nucleation. Additionally, we have shown that BuGZ interacts with Bub3 to promote the binding of Bub3 to kinetochores in a MT-dependent manner (Jiang et al., 2014) . Purified BuGZ-Bub3 complex undergoes more efficient phase transition than BuGZ alone in vitro (unpublished data). It would be interesting to further study whether increasing Bub3 concentration along spindle MTs via phase transition could promote assembly of the Bub3-Bub1-BubR1 complex for its kinetochore loading.
We have shown that nuclear transport receptors such as importin a and b disrupt spindle matrix assembly, which is attenuated by RanGTP . Since BuGZ and some other known spindle matrix components are nuclear proteins in interphase, it will be important to further explore whether the RanGTP-importin system regulates phase transition of BuGZ and other spindle matrix proteins in mitosis. As a conserved protein found in both vertebrates and invertebrates, our study of BuGZ here should open a door to further characterize the structural properties and functions of the spindle matrix in different organisms.
EXPERIMENTAL PROCEDURES Expression Vectors
For all expression constructs see Table S1 .
Cell Culture and Xenopus Egg Extract All cells were grown under standard culturing conditions. CSF egg extracts were prepared as described before and only those that were tested to support spindle assembly were used for further experiments. All assays in egg extracts are detailed in the Supplemental Experimental Procedures.
Immunofluorescence and Quantifications
Cells were fixed by 4% paraformaldehyde in PBS for 7 min, followed by extraction in 0.5% Triton in PBS for 10 min. Xenopus MT structures were fixed by ice cold methanol for 5 min. Samples were then blocked in 4% BSA in PBS for >1 hr followed by primary antibody (Table S2 ) incubation overnight at 4 C. Nikon ECLIPSE E800 or Leica SP5 microscopes were used for imaging.
To quantify spindle MT intensity or the ratio of BuGZ and MT immunostaining intensities, metaphase spindles in cells, Aurora A, or sperm MT structures were captured at the same exposure using a 633 objective on Nikon ECLIPSE E800. Two 15 3 15 pixel regions, corresponding to the brightest areas of each half spindle was chosen based on tubulin or BuGZ intensity and the average intensities in these areas were determined. The background fluorescence was subtracted using the intensity measured in areas away from the spindle.
Protein Expression, Purification, and Interaction Proteins were purified using Glutathione agarose (Sigma) or Ni-NTA agarose (QIAGEN) according to manufacturer's protocols. Some proteins were further purified by gel filtration. To study tubulin and xBuGZ interaction, cycled tubulin was added to beads coated with purified His-tagged YFP-xBuGZ, YFPBuGZDN, or YFP via antibody to 6His and incubated. See details in the Supplemental Experimental Procedures.
BuGZ Phase Transition
Purified mBuGZ, xBuGZ, or control proteins were thawed on ice and diluted into ice-cold buffers on ice followed by incubation at 37 C for 5 min and differential interference contrast (DIC) or fluorescence microscopy. For turbidity assay, purified proteins were diluted in XB buffer on ice (300 ml final) and then loaded into 750-ml cuvettes (28F-Q-10, Starna Cells) in a cold room.
Turbidity was measured at 440 nm using a Cary 300 UV-VIS spectrophotometer with a Peltier-Thermostatted Multi-cell Holder (Agilent Technologies). Temperature ramp rate was 0.5 C/min from 4 C to 60 C. To estimate protein concentrations in BuGZ droplets, 100 ml of protein samples were incubated at 37 C for 5 min followed by centrifugation at 2,000 rpm in a microfuge (Eppendorf E5430) for 5 min at room temperature (RT). Proteins in pellet fractions were quantified by Coomassie blue staining using BSA as standard. See details in the Supplemental Experimental Procedures.
MT Polymerization, Bundling, and Binding Purified xBuGZ and cycled tubulin were mixed on ice. MT polymerization was performed at 37 C for 5 min. After fixation, MTs were counted in 20 random microscopic fields using a 633 objective. The same amount of rhodamine-MT seeds were mixed with different purified xBuGZ proteins and incubated at 37 C for 5 min and imaged immediately. MT length and intensity were measured based on micrographs. To visualize the binding of wild-type and mutant xBuGZ to MTs, rhodamine-labeled and Taxol-stabilized MTs were mixed with different versions of YFP-xBuGZ. See details in the Supplemental Experimental Procedures.
Sequence Analysis for Protein Disorder and Low Complexity
The PONDR (http://www.disprot.org/index.php) (Xue et al., 2010) and SEG programs (http://mendel.imp.ac.at/METHODS/seg.server.html) (Wootton, 1994) 
